Abstract The purpose of this study was to determine the cardiac phase having the highest coronary sharpness for low and high heart rate patients scanned with dual source CT (DSCT) and to compare coronary image sharpness over different cardiac phases. DSCT coronary CT scans for 30 low heart rate (B70 beats per minute-bpm) and 30 high heart rate ([70 bpm) patients were reconstructed into different cardiac phases, starting at 30% and increasing at 5% increments until 70%. A blinded observer graded image sharpness per coronary segment, from which sharpness scores were produced for the right (RCA), left main (LM), left anterior descending (LAD), and circumflex (Cx) coronary arteries. For each coronary artery, the phase with maximal image sharpness was identified with repeated measures analysis of variance. Comparison of coronary sharpness between low and high heart rate patients was made using generalized estimating equations. For low heart rates the highest sharpness scores for all four vessels (RCA, LM, LAD, and Cx) were at the 65 or 70% phase, which are end-diastolic cardiac phases. For high heart rates the highest sharpness scores were between the 35 and 45% phases, which are end-systolic phases. Low heart rate patients had higher coronary sharpness at most cardiac phases; however, patients with high heart rates had higher coronary sharpness in the 45% phase for all four vessels (P \ 0.0001). Using DSCT scanning, optimal image sharpness is obtained in enddiastole at low heart rates and in end-systole in high heart rates.
Introduction
The introduction of dual source CT (DSCT) scanners has made coronary CT angiography (CTA) very robust. With half-scan reconstruction, an effective temporal resolution of 83 ms can be achieved [1] , allowing patients to be scanned with no beta-blocker premedication [2, 3] .
However, the optimal cardiac phase for DSCT coronary reconstruction and its relationship to heart rate is not known. This is important because several radiation dose-reduction techniques depend on predicting the optimal cardiac reconstruction phase before scanning. To date, the limited literature on this topic has produced conflicting results.
Two studies found that with DSCT, end-diastolic reconstructions were optimal in low heart rate patients (\70 beats per minute), but end-systolic reconstructions were preferable in high heart rate patients [4, 5] . Another found no relationship to heart rate and motion artifact [6] , while a third found that end-diastole was superior in both low and high heart rate patients [7] .
Therefore, the purpose of this study was to determine the cardiac phase having the highest subjective coronary image sharpness (least motion artifact) for low heart rate and high heart rate patients. The second purpose was to compare coronary image sharpness in images obtained with DSCT scanners in patients at low heart rates and high heart rates in order to determine over which phases of the cardiac cycle coronary image sharpness was superior for each.
Materials and methods

Patient selection
Institutional Review Board approval was obtained, and patient information collected in compliance with Health Insurance Portability and Accountability Act regulations. 30 consecutive patients, who had undergone clinically indicated DSCT coronary CTA and who had a mean heart rate B70 beats per minute (bpm) at the time of scanning, were included. In addition, 30 separate patients, who had also undergone clinically indicated DSCT coronary CTA but who had a mean heart rate [70 bpm at the time of scanning, were included, for a total of 60 patients. Heart rate information was obtained from the electrocardiographic gating information from the scanner. Patients who had undergone previous coronary artery bypass grafting were excluded to avoid artifacts from clips and difficulty in evaluating poorly opacifying native vessels. Patients who had not given consent for use of their medical records for retrospective research were excluded.
Demographic information
A nurse reviewed patient medical records for patient age, gender, height and weight at the time of CT scanning. Height and weight were converted to body mass index (BMI).
CT acquisition
All CT scans were performed on a DSCT scanner (Siemens Definition, Siemens Medical Solutions, Forcheim, Germany). The CT parameters were as follows: tube potential = 120 kV, tube rotation = 0.33 s, acquisition mode = 64 9 0.6 mm, reconstruction slice width = 0.75 mm, reconstruction slice interval = 0.4 mm, kernel = B26f, field of view = 25 cm. ECG-based tube current modulation was enabled. Pitch varied with heart rate. Tube current was set based on the left-to-right width of the patient as measured at the dome of the liver on the scout image (Table 1) .
Contrast material was injected through a peripheral intravenous line (IV) using a dual head power injector (Stellant D, Medrad Inc, Indianola, PA). Non-iodinated contrast material (Visipaque 320, Amersham Health Inc, Princeton, NJ, FDA approved) was injected at a rate that varied with patient weight as follows: patients weighing less than 50 kg were injected at 4 ml/s, 50-100 kg at 5 ml/s, and [100 kg at 6 ml/s. The manufacturer's bolus tracking software (CAREbolus, Siemens Medical Systems), was used with a region-of-interest (ROI) placed over the ascending aorta. Immediately prior to contrast injection patients received a one time dose of sublingual (SL) nitroglycerin 0.4 mg. No beta blockade or other heart rate altering medications were given.
Contrast was injected as follows. First, a bolus of contrast was delivered, the volume of which was calculated by the following formula: (scan time ? 7) 9 injection rate = contrast volume. So for a patient with a 13 s scan time and an injection rate of 5 ml/s, the initial bolus of contrast would be (13 ? 7) 9 5 = 100 ml. Using the dual head capability of the power injector, this initial bolus was immediately followed by 40 ml mixture of 30% contrast/70% saline, which was then followed by 10 ml of saline.
CT reconstruction
For each patient the DSCT scans were reconstructed into 9 image series each at a different phase in the cardiac cycle starting at 30% and increasing at 5% increments until 70%. Phases from 0-25% to 75-100% were not reconstructed because those phases fell outside the window during which the ECG-based tube current modulation used the full tube current. The nominal temporal resolution was 83 ms. Each series was given a separate, randomized anonymous identification number. The images contained no information regarding patient identification or phase of the cardiac cycle.
Image analysis
Images were reviewed by one observer with 7 years experience as a board-certified Radiologists specializing in cardiac imaging. For each series, the reader was blind to patient information, the patient's heart rate, and the phase of the cardiac cycle for which the images in that series had been reconstructed.
The reader used the American Heart Association 15 segment model [8] (Fig. 1 ) to score the coronary arteries. For each segment, the reader gave a subjective score of coronary image sharpness from 0 to 4, with 0 representing minimal vessel sharpness (maximal motion artifact) and 4 representing maximal vessel sharpness ( Table 2 ). The sharpness score assigned to a coronary segment represented the part of the coronary segment with the lowest sharpness/ maximal motion artifact. Using the American Heart Association 15 segment model, the coronary segments were then grouped into four coronary vessels: the right coronary artery (RCA), the left main coronary (LM), the left anterior descending coronary artery (LAD), and the circumflex coronary artery (Cx). For each vessel, the image sharpness score of the vessel was the average of the scores of the segments comprising the vessel.
Segments 1-4 represented the RCA. For patients with left dominance, only segments 1-3 were used. Segment 5 was the LM. Segments 6, 7, 8 represented the LAD. Segments 11, 12, 13 represented the Cx. The remaining segments (9, 10, 14, 15) represent diagonals, the second obtuse marginal, and the posterior descending in a left dominant system, which are inconsistently present or inconsistently visualized and were not included as parts of the LAD or Cx for the purposes of this analysis.
Statistical analysis
Summary statistics were reported for patient demographics (age, gender, body mass index, heart rate) for low versus high heart rate patients and comparisons were made using two sample t-test for continuous variables and Fisher's exact test for categorical variables.
Graphical analysis was done to display the pattern of coronary image sharpness for each of the 4 coronary arteries at various reconstruction phases in the cardiac cycle for low heart-rate and high heart-rate patients. This graphical approach also allowed us to visually assess the cardiac phases with best coronary image sharpness. Repeated measures analysis of variance was used to identify the phase of cardiac cycle that had maximal coronary sharpness. The phase with maximum sharpness was compared to other phases in a pair-wise manner using paired t-test. The phase(s) that were not significantly different from the ''best'' phase identified were reported. This was done separately for high and low heart rate groups.
Comparison of coronary sharpness between the patients with high versus low heart rate was made using generalized estimating equations to account for the correlation associated with measurements within the same patient but at different phases of the cardiac cycle, and also adjusting for age, gender, and BMI. The analysis was performed separately for each of the 4 coronary arteries (RCA, LM, LAD, Cx). Graphical analysis was also done to display the pattern of coronary sharpness for each of the 4 coronary artery types at various phases of cardiac cycles for low heart-rate and high heart-rate patients.
Results
Demographics
Mean heart rate for low heart rate patients was 58.1 ± 8.2 bpm and for the high heart rate patients was 82.3 ± 8.5 bpm (P \ 0.001). Low and high heart rate patients were similar in age (57.0 ± 10.1 years, 55.6 ± 11.4 years, respectively, P = 0.64) and body mass index (27.9 ± 3.9, 28.2 ± 5.7, respectively, P = 0.78) But there were significantly more male patients in the low heart rate group (19 males, 11 females) than the high heart rate group (7 males, 23 females). P \ 0.001.
Best phase for low and high heart rate For low heart rate patients the highest sharpness scores for all four vessels (RCA, LM, LAD, and Cx) were at the 65 or 70% phase of the cardiac cycle, which are end-diastolic cardiac phases. For high heart rate patients the highest sharpness scores were between the 35 and 45% phase, which are end-systolic phases. The exception was the left main for which 35, 40, and Table 3 .
Comparing low heart rate and high heart rate coronary sharpness per phase
The per phase comparison between low and high heart rate images sharpness are summarized in Table 4 . Overall, the low heart rate patients had higher coronary sharpness at most cardiac phases, and in particular had statistically significantly higher image sharpness at cardiac phases from 55 to 70% (diastolic phases) for all four coronary arteries (P \ 0.0001).
Low heart rate patients also had significantly higher coronary sharpness in the RCA, LAD, and Cx in some early systolic reconstructions (30-35%).
However, patients with high heart rates had statistically significantly higher coronary sharpness in the 45% cardiac phase for all four vessels (P \ 0.0001) and higher coronary sharpness at the 40% for three of four coronary arteries: RCA (P = 0.0008), LAD (P = 0.0006) and Cx (P \ 0.0001). The 40-45% cardiac phases correspond to end-systole. An example of the higher coronary sharpness in systolic phases in a high heart rate patient is shown in Fig. 2 . Graphical display of coronary sharpness compared to heart rate is shown in Figs. 3, 4 , 5 and 6. a A positive estimate means that the coronary sharpness score was higher (better) for low heart rate. A negative score means the coronary sharpness score was higher (better) for the high heart rate. SE standard error of the estimate 
Discussion
In this study, we found that in patients with low heart rates imaged using DSCT, the highest coronary sharpness (least motion artifact) occurred in enddiastolic reconstructions for all four vessels (RCA, LM, LAD, Cx). However, for patients with high heart rates, the best coronary image sharpness occurred in the end-systolic reconstructions. When coronary sharpness at each reconstruction phase was directly compared between low and high heart rate patients, low heart rate patients had higher coronary sharpness in early systolic and all diastolic cardiac phases. However, high-heart rate patients had higher coronary sharpness than low heart rate patients in the endsystolic cardiac phases (40-45%). Coronary motion throughout the cardiac cycle explains these findings. In the cardiac cycle there are two relatively quiescent phases, one in end-systole and one in end-diastole. In patients with low heart rates, the end-diastolic quiescent phase is longer and is associated with more slowly moving coronary arteries than the end-systolic quiescent phase [9] . Thus, in low heart rate patients, end-diastole is the part of the cardiac cycle with the best coronary image sharpness (least motion artifact).
However, when the heart rate increases, enddiastole becomes shorter and coronary motion during end-diastole becomes more rapid. Meanwhile, the length of end-systole changes little, so that in high heart rate patients end-systole is the portion of the cardiac cycle with the least motion [9] . The exception is the left main, which experiences less motion than other vessels and whose image sharpness changes less than the others. Here a 60% (diastolic) phase was equivalent to end-systolic reconstructions.
These findings are significant because a variety of radiation dose-reduction techniques exist in which optimal tube current is used only during selected parts of the cardiac cycle [10] . This requires the user to select the optimal cardiac reconstruction phase before scanning. Our findings suggest that enddiastolic phases should be chosen for patients with heart rates B70 bpm and end-systolic phases for patients with heart rates [70 bpm.
Our findings are similar to studies by Wintersperger [11] and Leshka [12] , which used 64-detector scanners and the studies by Weustink [5] and Seifarth [4] , which used DSCT scanners. These studies found that in low heart rate patients, end-diastolic reconstructions were optimal, but in high heart rate patients, end-systolic reconstructions were optimal.
However, our findings are at odds with a previous study of 64-detector scanners by Leschka [13] and a separate study of DSCT also by Leschka [7] , which found in both low and high heart rate groups that diastolic cardiac phases were the optimal for reconstruction; though they did find that as heart rate increased the amount of motion artifact on the systolic images became closer to that of the diastolic images [7] . The reason for the difference between our study and those of Leschka are unclear, but our study and those of Leschka do confirm that in DSCT, at high heart rates, systolic phase images take on greater importance. Application of dose-reduction techniques should take this into account.
The second finding of our study was that when comparing high heart rate and low heart rate patients, the high heart rate patients had higher image sharpness at end-systole than low heart rate patients had at end-systole; though the best overall image sharpness was in low heart rate patients in diastole. The reason why high heart rate patients could have higher image sharpness at any cardiac phase is unclear. It is possible the higher heart rate patients had more regular duration of end-systole than the lower heart rate patients, leading to better image quality at endsystole. Further investigation into the reasons behind this difference could be helpful in finding methods for improving image sharpness and decreasing motion artifact in the future.
There are several limitations to this study. First, we studied only the phases of the cardiac cycle from 30 to 70%. The patients were scanned with ECG-based tube current modulation set for maximal tube current in the cardiac phases from 30 to 70%. The remaining cardiac phases were acquired with low tube current and were therefore noisier than the 30-70% reconstructions, which would have confounded comparisons of image sharpness/motion artifact. However, most previous studies have shown that images outside this range are low-sharpness/high-motion and therefore this should not affect the results of the study [7] .
A second limitation is that the high and low heart rate groups had different percentages of males and females, though age, and BMI did not differ between groups. It is theoretically possible that coronary motion within the cardiac cycle could be different between men and women, which is why we adjusted our results for gender, as well as age and BMI.
A third limitation is that we did not account for heart rate variability. Patients with premature ventricular contractions or other irregular beats would have less sharp images. A systematic difference in heart rate variability between groups could have theoretically affected the results of this study.
A fourth limitation is that coronary image sharpness was assessed subjectively, which introduces the possibility of bias into the study. However, other studies assessing image quality over the cardiac cycle have used similar subjective scoring systems [4, 5, 7, [11] [12] [13] .
In conclusion, using DSCT scanning at low heart rates, optimal image sharpness is obtained in enddiastole. In high heart rate patients, optimal image sharpness is obtained in end-systole. This should be taken into account when using dose reduction techniques that limit the useable phases of the cardiac cycle.
